Bivalves, oysters, mussels, and clams are important constituents of riverine and estuarine ecosystems. Their shells and soft tissues provide information on the environments in which they live. Since they are filter feeders, they also are factors in improving water quality through removal of particulate matter from the water column. Finally, they are a valuable food source that has substantial economic value. Hence, characterization of shells and soft tissues is useful for improved understanding of these factors. Here, we used X-ray microprobes and computed microtomography facilities at the Brookhaven National Synchrotron Light Source to investigate elemental distributions in bivalves taken from locations around New York, Washington, DC, and New Orleans, LA. The results form the initial basis for compilation of a database of relevant parameters that can serve for tracking environmental changes and for assessing toxicity of particular metals. The work was enabled by active collaboration with students from the several regions, community groups, and research scientists. The collaboration was facilitated through use of web conferencing between Brookhaven National Laboratory and the varied locations.
Introduction
Bivalves, including oysters, clams, and mussels are important constituents of estuarine and riverine environments. They are filter feeders and are important factors in improving water quality. The beds of shells that they create are important for support of fish populations [1] . They are also an important food source for natural predators in the water to human predators on land. However, at this time, their abundance has been sharply reduced by adverse changes in their habitat caused by human activities and by too vigorous harvesting for human consumption. Hence, many efforts are now going on aimed at restoring shellfish populations. A summary report on the status of the eastern oyster has been prepared by the National Marine Fisheries Service [2] and for the mussel [3] . Active restoration work is now in progress on the Hudson-Raritan and Great South Bay estuaries [4, 5] . Teams drawn from government agencies and from concerned environmental groups worked as partners to establish and monitor progress. The importance of the volunteer contribution is underscored in a publication of the Nature Conservancy that gives guidelines for restoration efforts [6] .
There is also interest in biomineralization in bivalves at the molecular scale. Experiments investigating the mechanisms involved in growth have been investigated at the National Synchrotron Light Source (NSLS) using small angle X-ray scattering and other techniques [7, 8] . Two groups applied synchrotron micro X-ray fluorescence (XRF) techniques to make measurements of metals in whole shells thus bridging the gap between the molecular and field scales [9, 10] . In another type of experiment, Reinfelder et al. [11] performed laboratory measurements (477) on assimilation and removal of trace elements from different bivalves. The results help in understanding how they can be employed in monitoring environmental conditions.
We report here on work that contains elements of all of these topics. Our interests are to characterize bivalves from different locations to ascertain effects caused by the environments in which they live. The results can be helpful in planning and executing projects for restoring shellfish populations. In addition, we hope to relate the results to the biomineralization process and to determining targets for accumulation of toxic elements and compounds. The work is enhanced through interactions with the many stakeholders interested in bivalves. In particular, we have stressed collaboration with high school students and teachers as an essential part of our research. We use web-based conferencing as a mechanism for working with schools that are widely dispersed geographically [12] . This gives students access to experiments in progress while analyzing samples that they have collected combined with the ability to carry on simultaneous discussions with teachers and scientists. The education and scientific activities are integrated through collaboration of Brookhaven National Laboratory (BNL) staff in scientific departments and the Office of Educational Programs.
We chose to make analytical measurements using the synchrotron XRF method for several reasons. First, the X-ray beams from the synchrotron source can be focused to a size around 10 µm enabling high-resolution spatial measurements. Second, the X-ray flux is high, enabling measurements of trace elements with detection levels in the parts-per-million range. Third, the XRF technique gives simultaneous multi-element detection. Fourth, the beam energy can be varied to optimize detection for specific elements. Fifth, the technique is nondestructive compared to methods such as scanning electron microscopy. Sixth, sample preparation and handling is simplified since the work is done at atmospheric pressure. The results from the XRF work can be used to guide further experiments using other techniques such as electron probe or transmission electron microscopy to obtain better spatial resolution and by use of cytochemical methods to establish metal-protein correlations.
Materials and methods
Our group obtained a varied collection of bivalve specimens of oysters (Crassostrea virginica), mussels (Geukensia demissa), and Quahog clams (Mercenaria mercenaria) from a number of locations in the eastern and southern United States. Our high school groups were responsible for most of the work and subsequent preparation for analysis as part of their school's environmental education programs. A summary of the geographical locations is given in the Table. We also exposed a small section of 8 µm polyimide film to the water column of the Gowanus Canal in Brooklyn, NY for a month by placing it in a holder in the wire basket used for growing oysters. A substantial film of fine sediment and, presumably, biomaterials accumulated over that time. Measurements with the X-ray beams of the NSLS gave a picture of the metals that constituted part of the diet of the local oysters and mussels. The specimens were prepared for analysis at the NSLS by washing the shells and brushing off external sediments. The soft tissues were oven dried, ground to a powder in a mortar and pestle, and pressed into small pellets. A 65 µm section of a Gowanus oyster was made using a cryomicrotome. This specimen was used to demonstrate feasibility of mapping metals to specific tissue locations. These were then mounted for analysis at NSLS beam lines X26A, X27A, and X2b. Shells were also sectioned so that measurements could be made across the shell from its exterior surface to its interior surface.
X-ray fluorescence measurements were made at the X27a and X27A microprobe beam lines. They both are configured with an adjustable collimator, silicon monochromator, and Kirkpatrick-Baez type focusing mirrors. The X-ray beam size is approximately 6 µm × 10 µm for X26a and 10 µm × 15 µm for X27A. There is a choice of detectors at X26A, either a Si-drift detector or 9-element Ge(I) detector can be used. X27A uses a 13-element Ge(I) detector. Detection limits for transition elements are about 1 fg for both beam lines. Both can be used for making single-point analyses or for making maps. A computed microtomography measurement was made at beam line X2B. The tomographic data are obtained using a CsI (Tl) scintillator viewed by a CCD camera. The voxel size that was used was 4 µm.
Complementary electrophoresis gel measurements were made on the soft tissue of the oysters to obtain information on the distribution of proteins in the tissue and possible determination of metal binding proteins. Cell protein lysates were extracted by treatment of the tissues on ice with RIPA buffer containing PMSF, protease inhibitors and sodium orthovanadate. The lysed tissues were centrifuged at 14,000 rpm for 10 min at 4
• C. The supernatant was collected from each and a Bradford assay was done to determine protein contents. Samples were mixed with SDS sample buffer, boiled for 5 min and proteins were separated by electrophoresis on a 10% SDS-PAGE. (At this point two different procedures were used.) Procedure 1 -after the proteins were separated on a 10% SDS-PAGE the proteins were made visible by placing the polyacrylamide gel in Coomassie Blue R-250 stain then destaining. The gel was dried between 2 sheets of cellophane then analyzed at the NSLS. Procedure 2 -after the proteins were separated on a 10% SDS-PAGE the proteins were transferred to Immobilon-P membrane (Millipore) then analyzed at the NSLS. Relative protein concentrations were found by making an optical scan of the stained gel.
Discussion and conclusions
We illustrate the types of data that we obtained using selected samples from some of the sites listed in Table. Examples of the X-ray spectra for the shells and soft tissues, maps of metal concentrations in the shells and soft tissue, results for eletrophoresis scans, and a tomographic section are shown in the figures. Typical X-ray spectra obtained for oyster shells from the Shinnecock Inlet, Great South Bay and the Gowanus Canal are given in Fig. 1 . The elements corresponding to particular peaks are shown in the figure. The Shinnecock shell was taken as representative of a relatively uncontaminated region. Specific instances of anthropogenic contaminants include Ti, As, and Pb. Cu and Zn are potentially toxic elements if found in sufficient concentrations, but they can also be naturally occurring in components of the bivalve diets. Spectra obtained for soft tissue taken from a Gowanus Canal mussel are given in Fig. 2 . Potentially toxic metals are found in all three types of material. The concentrations of metals were measured as a function of distance along the shell of several specimens. Results of a scan obtained from examination of a small oyster shell from the Gowanus Canal are shown in Fig. 3 . Concentrations are highly variable showing differences at different times in the oyster's growth.
Maps of the Cu, Zn, Pb/As and Br concentrations found in the thin section of tissue from a Gowanus Canal oyster are given in Fig. 4 . Preferential uptake at specific locations is indicated by the lighter-colored pixels (higher relative concentrations) clustered in different regions of the plots. We have not correlated the Zn map with specific organs at this time. This map clearly shows that the synchrotron XRF technique has sufficient sensitivity to be used as a tool for looking at the pathways for accumulation in specific tissue types. We used electrophoresis gel measurements to show variations in protein composition. The results of an optical scan of a stained gel and an Xray scan for Zn are shown in Fig. 5 . The X-ray data does show a few points with measurable Zn. Further work is needed to improve the signal-to-noise ratio and to show that this is truly related to a protein.
Our computed microtomography measurement was made to ascertain the variability in X-ray absorption in a small cross-section through the shell. Results for a single section are shown in Fig. 6 . The composition is quite uniform, but variability is observed. Additional work is needed to correlate the data obtained through scans along the surface of the shell with measurements made on a cross-section of the shell. We believe that the data reported here demonstrate the usefulness of bivalves as an environmental indicator, show ways in which the synchrotron technique can be used in conjunction with biological techniques to evaluate pathways for metal accumulation. Expansion of the program scope will be valuable from the standpoint of basic and applied environmental science as well as for its role in scientific education.
